When saccades become inaccurate, their amplitude is adapted. We examined, in humans, whether this adaptation occurs where the saccade is represented as a vector or as its horizontal and vertical components. In one experiment, we behaviorally reduced the amplitude of clockwise oblique saccades and examined the transfer to saccades made to other target amplitudes and directions. In a second, we adapted rightward saccades of the same size as the rightward component of the clockwise oblique saccades and examined the effect on oblique saccades. The results of both experiments imply that adaptation occurs where the saccade command is represented as a vector.
Introduction
When saccadic eye movements, which allow us to find objects in our visual environment rapidly, become inaccurate because of growth, injury or aging, the oculomotor system has the capability of adjusting, or adapting, their amplitude. Saccade adaptation also can be induced in normal subjects by means of a behavioral paradigm (McLaughlin, 1967) . If the target for a saccade is displaced while the saccade is en route, the saccade will appear to be inaccurate. If this deception occurs repeatedly for many saccades, the amplitude of the saccade gradually adapts until the eye eventually lands near the displaced target. The characteristics of this behavioral adaptation are similar to the adaptation that follows experimental weakening of the extraocular muscles, suggesting that both adaptations are the result of a common mechanism (Scudder, Batournia, & Tunder, 1998) . Using variations of this paradigm, investigators have caused increases or decreases in saccade amplitude or changes in saccade direction (Deubel, Wolf, & Hauske, 1986; Deubel, 1991; Miller, Anstis, & Templeton, 1981; Noto, Watanabe, & Fuchs, 1999; Scudder et al., 1998; Straube, Fuchs, Usher, & Robinson, 1997) . The neural site for saccade adaptation and its underlying mechanism have become areas of intense investigation.
To localize the neuronal pool(s) responsible for adaptation, it would be useful to know whether adaptation occurs at a locus in the saccade pathway where saccade signals are represented as vectors, as in more central structures such as the frontal eye fields (e.g., Bruce & Goldberg, 1985) , the lateral interparietal cortex (e.g., Barash, Bracewell, Fogassi, Gnadt, & Andersen, 1991) and the superior colliculus (Sparks, Holland, & Guthrie, 1976) , or after they have been decomposed into the components necessary to drive the muscles that move each eye, as in the premotor burst generators for horizontal (Keller, 1974; Luschei & Fuchs, 1972; Strassman, Highstein, & McCrea 1986a , 1986b and vertical (Helmchen, Rambold, & Bü ttner, 1996; King & Fuchs, 1979) saccades (see Moschovakis, Scudder, & Highstein, 1996; Scudder, Kaneko, & Fuchs, 2002 for reviews).
The existence of ''adaptation fields'' seems to suggest that saccade adaptation probably occurs where saccades are encoded as vectors. Adaptation fields describe the 0042-6989/$ -see front matter Ó 2006 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres. 2006 . 03.028 observation that adaptation of saccades to target steps of one vector transfers well to saccades elicited by target steps with similar amplitude and direction, but poorly to saccades that are either larger or smaller or have directions >45°from the adapted vector (Deubel, 1987; Frens & van Opstal, 1994; Noto et al., 1999) . In the monkey (Noto et al., 1999) , after a 15°horizontal saccade underwent a behavioral gain reduction, there was little change in the amplitude of a 10°horizontal component of an oblique saccade (directed $34°from horizontal). This observation suggests that, in the monkey, adaptation of an oblique saccade does not depend on adaptation of each of its orthogonal components.
Unlike these experiments in the monkey, the coordinate frame of saccade adaptation has not been evaluated critically in humans (but see Watanabe, Ogino, Nakamura, & Koizuka, 2003) . In this paper, we present direct tests to support the suggestion that adaptation in humans also occurs where saccades are encoded as vectors. First, we adapt clockwise (CW) oblique saccades to target steps with 15.5°upward and 4°rightward components (CW oblique adapt saccades) and test the transfer of this adaptation to saccades made both to 4°horizontal target steps and to counterclockwise target steps with 15.5°upward and 4°l eftward components (CCW oblique test saccade). If adaptation occurs where saccades are represented as components, there should be substantial transfer to 4°purely rightward saccades (Fig. 1A, C1 ). However, there should be no transfer either to 4°purely leftward saccades (Fig. 1A, C2 ) or to the horizontal component of the CCW oblique test saccade (Fig. 1A, C4 ) because adaptation does not transfer to saccades made to target steps opposite to the adapted direction (Abel, Schmidt, Dell'osso, & Daroff, 1978; Albano, 1996; Deubel, 1987; Deubel et al., 1986; Frens & van Opstal, 1994; Miller et al., 1981; Moidell & Bedell, 1988; Semmlow, Gauthier, & Vercher, 1987; Straube et al., 1997; Weisfeld, 1972) . In contrast, if adaptation occurs at a location where the saccade is still encoded as a vector, there should be very little, if any adaptation of saccades to the 4°rightward target step (Fig. 1B,  V1 ) because of the existence of adaptation fields. Similarly, there would be little, if any, adaptation of saccades made to 4°leftward target steps (Fig. 1B, V2) . However, the existence of adaptation fields suggests there would be some, diminished adaptation of the leftward component of the CCW oblique test saccade (Fig. 1B, V4 ) because it likely lies within the adaptation field. Moreover, the vertical component should be adapted as well so that the reduction in amplitude of the CCW oblique test saccade should be along its axis. Finally, upward saccades to 15.5°t arget steps should exhibit less reduction if adaptation occurs where the saccade is represented as a vector (Fig. 1B, V3 ) than where it is represented as its components (Fig. 1A, C3) .
In a second experiment, we employ on humans the paradigm used by Noto et al. (1999) in monkeys by reducing the gain of pure horizontal saccades to 4°target steps. If adaptation occurs in vector coordinates, there should be little adaptation of CW oblique saccades or their horizontal components. If adaptation occurs after the saccade command has been decomposed into its components, there theoretically should be complete transfer to the horizontal component of the CW saccade.
The results from both our experiments converge on the conclusion that saccade adaptation in humans takes place where the saccade signal is still represented as a vector. pward saccades (V3) and both the horizontal and vertical components of 16°saccades made to targets CCW of vertical (V4). Little, if any, adaptation would be expected for pure horizontal 4°rightward saccades (V1), 4°leftward saccades (V2), 16°rightward saccades, or 16°leftward saccades.
Methods

Subjects
Three adult human subjects (ages 32-65) were used in these experiments. One subject wore his spectacles during the experiments whereas the remaining subjects did not need visual correction. Two subjects were naïve as to the goals of the experiment, and the third was the second author. All three subjects had experience in oculomotor studies.
All procedures were approved by the Institutional Review Board of the University of Washington and were carried out in full accordance with the principles of the Declaration of Helsinki. Experimental procedures were explained in detail before subjects gave their written consent.
Eye movement recording and stimulus presentation
We recorded eye movements using the scleral search coil technique (Robinson, 1963) . The left eye of each subject was anesthetized with proparacaine hydrochloride (Alcaine, Alcon Laboratories), and a small coil of wire, imbedded in a silastic annulus (Skalar Medical), was placed around the cornea. At the beginning of each experimental session, the coil was calibrated by having the subject fixate various targets at different eccentricities (±20°horizontal, +20°and À10°vertical). We limited experimental sessions to $40 min to minimize the amount of irritation caused by the coil.
Subjects sat in complete darkness, directly in front of a tangent screen located 68 cm away. Head movements were restricted by the use of a bite bar. A supra-threshold laser spot, which was back-projected on the screen, served as the target. Mirrors mounted on galvanometers intercepted the laser spot in order to move the target in the horizontal and vertical directions.
Experimental paradigm
We examined how the adaptation of saccades made to target steps of one direction and amplitude affected the amplitudes of saccades made to target steps with six other amplitudes and directions. An experimental session consisted of three blocks of trials: pre-adaptation trials, adaptation trials, and post-adaptation trials.
In the block of pre-adaptation trials, each subject performed $30 trials for each of seven target steps. During these trials, subjects began by fixating a target located straight-ahead (0, 0; central target). After a variable delay (800-1200 ms), the central target was extinguished and a peripheral target appeared at one of seven different locations 4°to the right or left, 16°to the right or left, 15.5°directly upward, and at 16°eccentricity along an axis inclined either 15°CW or CCW off vertical ( Fig. 1 ), which were randomly intermixed from trial to trial. At the onset of the saccade, the target was extinguished for 750 ms to retard any recovery of adaptation during the post-adaptation trials (Fujita, Amagai, Minakawa, & Aoki, 2002; Seeberger, Noto, & Robinson, 2002; Semmlow et al., 1987) , which used the same target steps as those in pre-adaptation trials. At the end of the blanking period, the target was re-illuminated at the peripheral location, and the subject made any necessary corrective saccades to acquire it. After another variable delay (800-1200 ms) the peripheral target was extinguished and the central target was illuminated. As the subjects made a saccade back to the center position, the target again was turned off for 750 ms to deter any recovery of adaptation. After this blanking period, the central fixation target was re-illuminated and the next trial began.
Following the pre-adaptation trials, the subject performed $300 adaptation trials to reduce saccade amplitude in one direction. Depending on the experiment, target steps were either 16°in amplitude along an axis rotated 15°CW from vertical (CW oblique adapt target) or 4°in amplitude along the horizontal meridian. Although targets were stepped in two directions 180°apart, targeting saccades in only one direction caused the target to undergo an intra-saccadic back-step. For adaptation of oblique saccades, targets were back-stepped when the subject made an eye movement to a target directed obliquely upward (i.e., a target located 15.5°up and 4°right, CW asterisk in Figs. 1A and B). When the target jumped in the oblique downward direction, along the same meridian, no back-step occurred during the saccade, and the target remained illuminated. For adaptation of horizontal 4°saccades, a back-step occurred only when the target was moved in the rightward direction. When the target jumped to the left, it did not undergo a back-step during the eye movement, but instead remained illuminated. For adaptation of both oblique and horizontal saccades, saccade occurrence was detected when vector eye velocity exceeded $20°/s.
During the adaptation trials, rather than having the subject start each trial at the central location as in the pre-adaptation trials, the ending position of one adaptation trial became the starting position for the next. This strategy effectively caused the trial to begin at pseudo-random target positions. Because the backward adapt steps drove target positions toward the center of the display before the subsequent trial, the target remained within the screen limits of ±20°in the horizontal and vertical directions. This procedure was used to reduce the ability of the subjects to predict the location of the back-stepped target and possibly add a strategic component to the adaptation. In addition, a variable delay occurred between each adaptation trial. The size of the back-step was initially set at 30% relative to the size of the initial target displacement (for example, a 4.8°back-step for a 16°target step). However, if the eye movement traces, which were displayed on a memory oscilloscope during the experiment, indicated that the adapting subject frequently was acquiring the back-stepped target with a single saccade, we increased the size of the back-step, but never to more than 50% of the initial target displacement. By incrementing the size of the back-step gradually, we often were able to increase the total amount of adaptation.
Post-adaptation trials used the same target steps as those used in preadaptation trials. Subjects performed $30 trials for each of the seven target conditions. However, because post-adaptation data were obtained late in the experiment when the subject was becoming fatigued, some of the saccades, e.g., those with long latencies or very low velocities that were not recognized by our analysis program (see Section 2.4), were not considered. Consequently, there often were fewer post-than pre-adaptation data.
The adaptation experiment involving amplitude reductions of pure horizontal 4°rightward saccades (the size of the horizontal component of the CW oblique adapt saccade) also was done by stepping the target backwards by 30% and then increasing the back-step to 50%.
The experiments involving amplitude reduction of CW oblique adapt saccades were performed twice on each of the three subjects. The 4°adap-tation experiment was performed twice in two of our three subjects. The third subject was unavailable for these experiments.
Data analysis and statistics
Saccades were analyzed with an in-house program that monitored eye velocity, and, when it exceeded 75°/s, detected the occurrence of a saccade. The program then marked the beginning and end of the saccade at the times when its velocity first exceeded and later fell below 5°/s, respectively. In addition, the target step associated with a given saccade was also marked. The program calculated the start and end positions and amplitudes of both the eye and target movement, among other attributes, for each trial.
Attributes from the in-house program were exported into Microsoft Excel. The gain of pre-and post-adaptation saccades was determined by taking the ratio of the saccade amplitude to the target displacement. To assess the amount of adaptation that had occurred, we calculated the percentage change in gain between the amplitudes of saccades made during the pre-and post-adaptation conditions ([(average pre-adaptation gain À average post-adaptation gain)/average pre-adaptation gain] · 100). We examined the significance of the change in the vector gain for saccades made to all seven target locations, as well as the change in gain of the horizontal component of the saccades made to the oblique target locations (Student's t-test, p < 0.05 for significance).
To test specifically the predictions for the oblique adaptation experiment outlined in Section 1, we further considered our data in two different ways. First, we determined whether the change in gain of the purely hor-izontal 4°rightward saccades was enough to account for the change in the horizontal component of the CW oblique adapt saccades. In this analysis, we first determined as above whether there was a significant reduction in the gain of post-adaptation saccades made to purely horizontal 4°right-ward targets (Student's t-test, p < 0.05). If so, we tested whether that change of gain was significantly different from the change in gain of the horizontal component of the adapted oblique saccade by fitting the data with the following multiple regression model: By comparing the two models, we assessed whether the interaction term was significant and thus whether changes in gain were different for the purely horizontal 4°rightward saccades and the horizontal component of the adapted oblique saccade. p-values were obtained from an F ratio derived from the two models (Draper & Smith, 1981) . Significance level for all tests was set at p < 0.05. Second, we examined whether there was significant adaptation in the horizontal component of the CCW oblique test saccade. In this test we compared the gains of pre-adaptation saccades to those of post-adaptation saccades (Student's t-test, p < 0.05 for significance).
Results
Adaptation of oblique saccades and its transfer to other test saccades
We used the adaptation paradigm to produce significant amplitude reductions of oblique saccades made to 16°tar-get steps along an axis that was rotated clockwise off vertical by 15°(the CW oblique adapt saccade, C5 and V5, Fig. 1 ). Each subject performed the experiment two times resulting in six total experiments. The average percentage reduction of vector gain of the CW oblique adapt saccade for all six experiments was 22 ± 2% (range 14-28%). The amount of adaptation achieved varied both across subjects and within a single subject. For example, subject A showed a 14% gain change during one experiment but a 20% gain change in the other. Although there is little published information available about adaptation of oblique saccades, similar intra-and inter-subject variability has been noted for the adaptation of horizontal targeting saccades (Hopp & Fuchs, 2004) .
Amplitude reductions of the CW oblique adapt saccades transferred to ''nearby'' saccades with similar vectors. Fig. 2 compares pre-(s) and post-adaptation data (d) for representative experiments in each subject. The data clockwise from the vertical axis show that the CW oblique adapt saccade (red points) underwent a substantial vector gain reduction in all three experiments. Data near the vertical axis (green points) show there was also a reduction in the amplitude of saccades made to purely vertical 15.5°u pward targets. Significant gain reductions were observed for such vertical saccades in all six experiments (average percent gain change = 15 ± 1%, range = 12-20%). Finally, there was a modest reduction in the vector amplitude of the CCW oblique test saccades (blue points). The reduction in amplitude of CCW oblique test saccades was significant for all three experiments illustrated in Fig. 2 and for two of the remaining experiments (A1 and B1). For all five experi- Fig. 2 . Data from representative oblique adaptation experiments on each of our three subjects. Vertical vs. horizontal amplitudes of pre-(s) and post-adaptation (d) saccades to all target amplitudes and directions are plotted for experiments A2, B2 and C2. Saccades made to 16°target steps directed 15°CW off vertical were adapted behaviorally. Asterisks indicate target displacements. Amplitude changes between pre-and post-adaptation saccades are clear for saccades made to target steps of 16°directed 15°C W (red) and CCW (blue) of vertical and upward target steps of 15.5°( green). There appears to be little, if any, amplitude change for pure horizontal saccades to either 4 or 16°target steps. The saccades of all subjects tended to fall short of 16°rightward target steps. ments with significant reductions, the average amount of adaptation was 11 ± 1% (range 8-15%). Reduced amounts of adaptation for saccades made to targets with vectors different from adapted horizontal saccades have been taken as evidence of an adaptation field (Deubel, 1987; Frens & van Opstal, 1994; Noto et al., 1999) .
In contrast, saccades with vector amplitudes and directions that were quite different from those of the CW oblique adapt saccade usually showed little amplitude reduction, even when the amplitudes of those saccades corresponded to the amplitude of the horizontal component of the adapted saccades. If adaptation occurs at a site where saccades are encoded as their components, reductions in the horizontal component of the CW oblique adapt saccade should transfer completely to a pure horizontal saccade of the same size. If adaptation occurs where a saccade is encoded as a vector, little transfer should occur to pure horizontal saccades, because they would lie outside the adaptation field.
In Fig. 2 , experiment B2 exhibited no significant change in the amplitude of rightward 4°horizontal saccades even though there was a significant reduction (19%) in the horizontal component of the CW oblique adapt saccade. Experiment A1 showed the same result: there was a significant gain reduction of 32% in the horizontal component of the CW oblique adapt saccade but no significant change in the gain of rightward 4°horizontal saccades. In these two experiments, therefore, the significant changes in the horizontal component of the CW oblique adapt saccades could not have been due to an amplitude reduction of a pure horizontal saccade of the same size. In Fig. 2 , experiment C2 and A2 did reveal significant decreases in the gain of 4°r ightward horizontal saccades of 11% and 8%, respectively. Experiment C1 also revealed a significant decrease (5%) in the gain of rightward 4°saccades. However, in these same experiments, the horizontal components of the CW oblique adapt saccades decreased by 42%, 34%, and 23%, respectively. The difference between the adaptations of the 4°r ightward horizontal saccades and the horizontal components of the CW oblique adapt saccades was significant for all three experiments (p < 0.001, multiple regression test). In the remaining experiment (B1), the adaptation paradigm did not produce a significant reduction in the horizontal component of the CW oblique adapt saccade so transfer to pure horizontal saccades could not be tested. Therefore in all five experiments in which the test could be applied, the amount of adaptation that occurred in the purely horizontal 4°rightward saccades could not possibly account for the amount of adaptation that occurred in the horizontal component of the CW oblique adapt saccades.
Other horizontal saccades also did not exhibit consistent amplitude changes. For experiment B2 (Fig. 2) , there was no significant change in the gain of saccades made either to horizontal 4°leftward targets, 16°leftward targets or 16°rightward targets, where this subject displayed a substantial hypometria during the pre-and post-adaptation trials. Subject A2 showed a similar result. Including these experiments, the bulk of our data on horizontal saccades, i.e., 12 of 18 conditions (six experiments with three different horizontal target steps (left 4°, right and left 16°)), showed no significant change in gain after adaptation of the CW oblique adapt saccades. In the six remaining conditions, there were idiosyncratic departures from this picture. For two experiments in different subjects (A1 and C2 (see Fig. 2) ), there was a significant gain reduction of 7% and 10% for saccades to leftward 4°tar-gets. In these same two experiments, saccades made to rightward 16°targets also underwent a significant gain reduction (12% and 5%, respectively). Finally, in both experiments in subject C, saccades made to leftward 16°t argets underwent significant gain increases rather than decreases.
In summary, adaptation of oblique saccades in general did not transfer to horizontal saccades made to target steps equal to or greater than the horizontal component of the oblique target step. In contrast, saccades made to targets with amplitudes and directions similar to the adapted oblique saccades (purely vertical 15.5°upward targets and CCW oblique test saccades) showed significant reductions in gain.
Adaptation of the components of oblique saccades
If the adaptation of the CW oblique adapt saccades were a vector event, we expect that the horizontal component of the CCW oblique test saccade would be reduced. However, if the adaptation of the CW oblique adapt saccades were due to adaptation of their components, we would expect that the horizontal component of the CCW oblique test saccades would show no adaptation because adaptation of horizontal saccades does not transfer to saccades in the opposite direction.
In Table 1 , we compare adaptation of the components of oblique adapt and test saccades. In five of six experiments (all but B1) there were significant amplitude reductions in the horizontal components of the CW oblique adapt saccades. The vertical components showed significant gain reductions for all six experiments. These data suggest that true vector adaptation (i.e., adaptation occurring when the saccade is encoded as a vector) had occurred in only five of six experiments. For four of these five experiments (all but A1), the CCW oblique test saccades showed a reduction in the gain of their horizontal components: in three, the reduction was significant. In addition, in four of five experiments (all but C1), there were significant gain reductions in the vertical components of the CCW oblique test saccades. Therefore, in the experiments that showed vector adaptation of the CW oblique adapt saccade, the significant reduction in gain of the horizontal (three of the five experiments) and vertical components (four of the five experiments) of the CCW oblique test saccades provides additional support for vector adaptation.
Adaptation of rightward 4°saccades has little effect on oblique saccades
A direct test of whether adaptation occurs after the saccade vector has been decomposed into its components is to adapt a component and examine the effect on the oblique saccades. In subjects A and B, we examined the effect of adaptation of saccades made to purely horizontal 4°right-ward target steps on oblique saccades made to 16°targets directed 15°CW off vertical. Each subject was tested twice for a total of four experiments. We produced a robust, significant change in the gain of saccades made to rightward 4°target steps in all four experiments (average gain change = 16 ± 2%; range 10-18%; p < 0.001). In none of the four was there a significant reduction in the vector gain of the CW oblique saccade (Table 2) . Furthermore, in all four experiments there were no significant reductions in the gain of the horizontal component of the oblique saccades (minus signs indicate gain changes in the wrong direction, i.e., an increase). Thus, adaptation of purely horizontal 4°rightward saccades does not affect the gain of oblique saccades made to 16°targets directed 15°CW off vertical.
Discussion
Adaptation appears to occur when the saccade command is represented as a vector
In Section 3, we have subjected our oblique adaptation data to two different analyses and the results of both are consistent with the conclusion that adaptation in humans occurs when the saccade command is still represented as a vector. First, when 16°oblique CW saccades were adapted, the change in gain of saccades made to purely horizontal 4°rightward targets was either not significant (two of the five experiments that exhibited a decrease in the horizontal component of the CW oblique adapt saccade) or was not nearly large enough to account for the amount of change in the horizontal component of the CW oblique adapt saccades (three of the five experiments). If adaptation were occurring where the saccade command had been decomposed into horizontal and vertical components, we would expect to see a greater amount of adaptation in the rightward 4°test saccades. Second, the horizontal component of the CCW oblique test saccades underwent a significant percentage gain change in a majority of experiments (three of five). Because adaptation of rightward horizontal saccades does not influence the amplitudes of leftward horizontal saccades (Abel et al., 1978; Albano, 1996; Deubel, 1987; Deubel et al., 1986; Frens & van Opstal, 1994; Miller et al., 1981; Moidell & Bedell, 1988; Semmlow et al., 1987; Straube et al., 1997; Weisfeld, 1972) , the horizontal component of the CCW oblique test saccade would change only because it lay within the vector adaptation field of the oblique adapt saccade. Therefore, the results from both our analyses converge on the conclusion that adaptation in humans likely occurs where the saccade command is still represented as a vector and not where the command is represented as individual components.
This conclusion was further supported by data generated by adapting saccades to horizontal 4°target steps. After such adaptation, the gain of saccades made to 16°oblique targets with 4°horizontal components exhibited no significant reduction. In particular, there was no significant reduction in the gain of the horizontal component of these oblique saccades in all four experiments. These data also are consistent with adaptation occurring before the saccade command has been broken down into the horizontal and vertical components that drive the extraocular muscles, i.e., when the saccade is still encoded as a vector.
Saccade adaptation and its transfer to other saccades can vary from subject to subject and from day to day in the same subject (Hopp & Fuchs, 2004) . Therefore, it was not surprising that we were unable to demonstrate vector adaptation for all the tests in all the subjects. However, the vast majority of tests in all three subjects support our conclusion. Because, as with behavioral adaptation experiments in other labs, our conclusion of vector adaptation was not consistent with the data from every experiment on every subject, the reviewers suggested that adaptation could be taking place at an intermediate stage of oculomotor processing where the saccade is specified neither as a vector nor as its components. This idea seems unlikely to us because there is currently no evidence that such a hybrid representation exists anywhere in the saccadic system.
Comparison with previous studies
Two other studies in humans have provided evidence that adaptation occurs where the saccade command is still represented as a vector. Deubel (1987) , in a study similar to ours, adapted saccades made to targets directed 20°CW off vertical and examined the transfer to test saccades made to targets 20°CCW off vertical. In a single example in humans, he illustrated a significant change in the vector gain of the test saccades. He also suggested that the same result occurs in the monkey but presented no data. Frens and van Opstal (1994) adapted 21°horizontal rightward saccades and found a reduction in the amplitude of oblique saccades to 21°tar-get steps directed 45°CW or CCW of the horizontal meridian. In neither study did the authors specifically test whether their data supported the vector or component hypothesis. They did not examine whether adaptation transferred to the components of the oblique saccades nor did they perform a statistical analysis to test specifically whether their data better fit one hypothesis or the other.
Therefore, here we have performed adaptation experiments that allowed statistical comparisons of the expectations predicted by the vector and component hypotheses on repeated experiments on the same subjects. Moreover, our principal paradigm, which adapted oblique saccades that were nearly vertical, allowed us to test adaptation in a direction that would not have been adapted at all if saccades were adapted along their components.
Our conclusion is also consistent with data from three previous studies on monkeys. Both Noto et al. (1999) and Wallman and Fuchs (1998) showed that adaptation of saccades made to purely horizontal target steps produced a smaller change in the amplitude of saccades made to oblique target steps with the same horizontal components as the adapted saccade. If adaptation occurs after the saccade command is broken down into horizontal and vertical components, adaptation transfer presumably would have been 100%. Also, Phillips, Fuchs, Ling, Iwamoto, and Votaw (1997) showed that when adaptation caused a reduction in the amplitudes of head-unrestrained gaze shifts, there was a reduction in both the eye and head components of the gaze shifts. These authors suggest that the simplest way for this to happen is if adaptation occurs before the gaze command is separated into eye and head components, presumably when it is still coded as a vector. However, as our paper was being reviewed, Kojima, Iwamoto, and Yoshida (2005) reported data that indicated that adaptation in the monkey occurs after the saccade has been broken down into its components (their Fig. 3 ). We have no explanation for the difference in our two studies other than to point out that our experimental paradigm and primate species was different than theirs.
Conclusion
The data presented in this paper strongly imply that at least one site of adaptation occurs where the saccade command signal is still represented as a vector. This site of adaptation could be at or upstream of the superior colliculus (SC), where neurons fire best for saccades of a particular vector (Sparks et al., 1976) , or at collicular descending pathways, e.g., the nucleus reticularis tegmenti pontis (NRTP, Crandall & Keller, 1985) , where the saccade is still represented as a vector. Indeed, recent evidence suggests that the movement fields of many neurons in both the SC (Takeichi, Kaneko, & Fuchs, 2005b) and NRTP (Takeichi, Kaneko, & Fuchs, 2005a) are altered during behavioral adaptation of saccade amplitude.
